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ABSTRACT
Solar pores are active regions with large magnetic field strengths and apparent simple
magnetic configurations. Their properties resemble the ones found for the sunspot um-
bra although pores do not show penumbra. Therefore, solar pores present themselves
as an intriguing phenomenon that is not completely understood. We examine in this
work a solar pore observed with Hinode/SP using two state of the art techniques.
The first one is the spatial deconvolution of the spectropolarimetric data that allows
removing the stray light contamination induced by the spatial point spread function
of the telescope. The second one is the inversion of the Stokes profiles assuming local
thermodynamic equilibrium that let us to infer the atmospheric physical parame-
ters. After applying these techniques, we found that the spatial deconvolution method
does not introduce artefacts, even at the edges of the magnetic structure, where large
horizontal gradients are detected on the atmospheric parameters. Moreover, we also
describe the physical properties of the magnetic structure at different heights finding
that, in the inner part of the solar pore, the temperature is lower than outside, the
magnetic field strength is larger than 2 kG and unipolar, and the LOS velocity is
almost null. At neighbouring pixels, we found low magnetic field strengths of same
polarity and strong downward motions that only occur at the low photosphere, below
the continuum optical depth logτ = −1. Finally, we studied the spatial relation be-
tween different atmospheric parameters at different heights corroborating the physical
properties described before.
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1 INTRODUCTION
The solar photosphere is characterized by a wide variety
of magnetic structures of different spatial size, complexity
and magnetic field strengths, ranging from sunspots, pores,
and network to small internetwork bright points. The mor-
phology of sunspot umbrae and pores is very similar what
produces that the second one is sometimes called “naked
umbrae” (Solanki 2003). The reason behind is that pores, as
the inner part of sunspots, are detected in white light obser-
vations as dark regions where the photospheric convection
and plasma motions have been inhibited due to the presence
of a strong magnetic field (see, for instance, Biermann 1941;
Cowling 1953).
⋆ E-mail: carlos@solar.isas.jaxa.jp
Solar pores present themselves with diameters of a few
Mm, much smaller than the usual size of a sunspot (up to 40
Mm), a field strength in the order of 2 kG, and a lifetime of
typically less than a day. Moreover, the absence of filamen-
tary penumbra surrounding pores suggests a simpler mag-
netic configuration, that can be represented by a magneto-
static flux tube with a predominantly vertical magnetic field
(Simon & Weiss 1970). However, high spatial-resolution ob-
servations indicate that some pores contain a wide variety
of fine bright features, such as bright dots or light bridges
that may be signs of a convective energy transportation
mechanism (Sobotka et al. 1999; Keil et al. 1999; Hirzberger
2003; Giordano et al. 2008; Sobotka et al. 2013). For addi-
tional information about the general properties of solar pores
and sunspots, see the reviews of Sobotka (2003), Solanki
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(2003), Thomas & Weiss (2004) or a more modern one as
Borrero & Ichimoto (2011).
Recent studies like the one performed by Sobotka et al.
(2012) examined the magnetic properties of pores in detail,
performing inversions of the full Stokes vector in order to
infer the atmospheric physical parameters. They observed
downflows at the borders of the structure, in agreement
with Keil et al. (1999), Hirzberger (2003), Morinaga et al.
(2008), and Scharmer et al. (2011), traces of the magnetic
field with the shape of spines extending more than 3.5 arc-
sec from the white light pore borders, similar to the results
of Cameron et al. (2007), and a linear correlation between
the temperature and the vertical component of the magnetic
field, with lower temperatures in the regions of stronger mag-
netic fields.
Consequently, the work of Sobotka et al. (2012) pro-
vides a big step in the understanding of the nature of solar
pores although there are some limitations in their analysis.
We aim to surpass these limitations in the present work aim-
ing to complement their findings. One of the limitations is
the configuration used in the inversion of the Stokes profiles,
with constant stratifications with height for the atmospheric
parameters, except the temperature that was perturbed as
a linear function of the continuum optical depth. The au-
thors explained that the reason behind this choice is that
they only observed a single line and they wanted to reduce
the number of free parameters as much as possible. In our
case, we do not have this limitation as we are going to anal-
yse two spectral lines with different heights of formation
observed with high spectral sampling. Thus, we can infer
the atmospheric parameters in a wider range of heights with
good accuracy. The second limitation in their work is the un-
corrected contamination of the stray light. This stray light
produces a lack of contrast in continuum images, and also
affects to the size of the structures, and the amplitude of
the magnetic Stokes profiles (Ruiz Cobo & Asensio Ramos
2013; Quintero Noda et al. 2015, 2016). We solved the lat-
ter limitation applying a spatial deconvolution technique
(Quintero Noda et al. 2015) that removes the stray light
contamination induced by the spatial point spread function
of the telescope. However, there is also a limitation from
our side respect to the work of Sobotka et al. (2012), and is
the lack of high cadence observations because we use a slit
spectrograph and, thus, we cannot track the evolution of
the solar pore and the surrounding structures as they did in
their work. Moreover, taking advantage of local correlation
tracking techniques, these authors could infer the horizontal
velocities in the surrounding area of the solar pore.
Finally, our aim, similar to Sobotka et al. (2012), is to
provide a comprehensive model of solar pores that help us to
understand these structures and also provides a better input
for numerical simulations. In addition, we also want to eval-
uate the possibilities and limitations of the spatial decon-
volution method applied to this region because the Stokes
profiles are affected by large horizontal intensity variations
in small spatial scales, e.g., Stokes I intensity goes from 0.5 Ic
(with Ic the continuum signal) at the center of the pore to
1.1 Ic at the neighbouring granulation in less than 3 arc-
sec, and this large variation could induce artefacts in the
deconvolved data.
Figure 1. Continuum signal from the observation of 2007
April 1st 18:56 UT. Red square depicts the region we examine
in detail in this work.
2 DATA ANALYSIS
We analysed in this work the magnetic properties of the ac-
tive region NOAA 10949. It was detected for the first time by
SOHO/MDI (Scherrer et al. 1995) on 2007 March 28th as an
individual dark spot in the continuum intensity images. The
active region crossed the solar prime meridian on 2007 April
2nd, and lasted several days more, until 2007 April 4th. It
was composed of a single solar pore during its lifetime and
it showed low coronal activity. In addition, it was located
relatively close to a filament although we cannot confirm if
there is a connection between both structures due to the
lack of data about the filament. We studied this solar pore
using observations taken by the Spectropolarimeter (SP)
(Lites et al. 2013) on board Hinode/SOT (Kosugi et al. 2007;
Tsuneta et al. 2008; Suematsu et al. 2008; Shimizu et al.
2008) on 2007 April 1st between 18:56-19:57 UT. At this
time, the active region was located at (−150,220) arcsec, i.e.
µ = 0.96. Hinode/SP recorded the Stokes I, Q, U , and V pro-
files for the Fe i 6301.5 and 6302.5 A˚ spectral lines. It used
a spectral sampling of 21.55 mA˚, and a pixel size and scan-
ning step of about 0.16 arcsec providing a spatial resolution
of 0.32 arcsec. The integration time was 4.8 s per slit position
what produces a noise value of approximately 1×10−3 of Ic
for the magnetic Stokes parameters (for more information,
see Ichimoto et al. 2008; Lites & Ichimoto 2013).
Figure 1 shows the continuum signal of the observed
map examined in this work. We analysed a small fragment,
marked in red, of the total observed map because we aim
to focus only on the central pore. This active region is rel-
atively small, with a size of around 10 arcsec, i.e. around
7 Mm, and it is composed of several small dots joined by
brighter structures that resemble the granulation. It seems
MNRAS 000, 1–11 (2016)
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Figure 2. Comparison between original (upper row) and deconvolved (bottom row) observations. Different columns, from left to right,
show the continuum intensity, line core intensity, and a Fe i 6302 A˚ magnetogram.
that the magnetic activity is not high enough to produce a
large spot. In addition, after examining context Ca ii images
taking by Hinode/BFI we did not find any activity at upper
heights either, being quiet during more than the three hours
of observation examined.
2.1 Deconvolution method
We have performed the spatial deconvolution of the
observed data using the same method presented in
Quintero Noda et al. (2015). A detailed description of the
procedure used in this work can be found in the mentioned
paper. The number of principal components of eigenvectors
we used to reconstruct the Stokes profiles is (8, 5, 4, 8)
for (I, Q, U , V ). This number of eigenvectors is similar to
the one used on Ruiz Cobo & Asensio Ramos (2013), and
Quintero Noda et al. (2015) and smaller than the one used
on Quintero Noda et al. (2016). This is because the exam-
ined region is close to disk center and the variety of Stokes
profiles is smaller than the one found in the latter work. In
addition, the predominately vertical nature of the magnetic
field inside the solar pore demands just a few eigenvectors
to reproduce the linear polarization profiles.
We performed 25 iteration steps in the deconvolution
process. The original continuum contrast was 6.26 per cent
and the value obtained after the deconvolution process is
9.73 per cent. We stopped the iteration process in this
step because it provides an increase factor of the contin-
uum contrast similar to the one obtained in previous works
(Quintero Noda et al. 2015).
2.2 Deconvolution results
Figure 2 shows the comparison between the original (upper
row) and deconvolved (bottom row) data. The field of view
displayed in each panel corresponds to the region enclosed
by the red square in Figure 1. We chose three different quan-
tities to perform the comparison study: the continuum signal
(leftmost column), line core intensity (middle column), and a
magnetogram (rightmost column) built as the difference be-
tween Stokes V maps taken at ±100 mA˚ from the line centre
of Fe i 6302.5 A˚. As found in Quintero Noda et al. (2015),
the continuum image looks sharper due to the increase in
the continuum contrast. In addition, the abundance of in-
tergranular bright points in the surroundings of the solar
pore is more evident in the deconvolved map.
If we examine the line core intensity, middle column,
we are roughly measuring the temperature at upper lay-
ers, a few hundred kilometres above the continuum region.
We can see that the pore is still dark at this height and
surrounding it there is a web of bright structures that in-
dicates higher temperatures than those of the surrounding
quiet Sun granulation and correspond to the bright inter-
granular points seen in the continuum image. In addition,
the magnetic structures located south of the pore forming
a plage region also appear as hot structures at these layers.
Comparing the original and deconvolved line core intensity
panels we find more defined structures in the latter one and
also with higher intensity values.
Finally, magnetogram panels (right column) show a sin-
gle polarity structure that corresponds to the solar pore, and
a surrounding plage with the same polarity. In this case,
the deconvolved panel shows narrower structures with larger
amplitude values. Remarkably, it is easier to see the sepa-
ration between the magnetic substructures that formed the
pore because the blurred effect present in the original data
has disappeared.
MNRAS 000, 1–11 (2016)
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Figure 3. Comparison between asymmetry maps from original (upper row) and deconvolved (bottom row) data. Left column displays
the area asymmetry map while the amplitude asymmetry is depicted in the right column. White indicates null asymmetry while red
and blue signifies positive and negative asymmetry, respectively. Symbols in top-left panel indicate the position of the profiles plotted on
Figure 4.
2.3 Analysis of Stokes profiles asymmetries
As we mentioned before, a solar pore seems to be a simple
structure composed of a vertical magnetostatic field. How-
ever, we want to analyze the amplitude and area asymme-
tries inside and at the edges of the pore to check if there
is any type of pattern. In fact, we expect a change in the
inclination of the magnetic field vector at these regions that
could generate gradients along the line of sight, therefore
asymmetries (Illing et al. 1975). We computed the asymme-
tries of the Stokes V profile following the definition used
in Mart´ınez Pillet et al. (1997). The area asymmetry is ob-
tained as
δA = s ∑iV (λi)∑i |V (λi) |
, (1)
where the sum is extended along the wavelength axis and
s is the sign of the Stokes V blue lobe (chosen as +1 if the
blue lobe is positive and −1 if the blue lobe is negative).
The selected range of integration of the Stokes V signals
goes from −0.43 A˚ to 0.43 A˚ around the Fe i 6302.5 A˚ line
centre. Likewise, the amplitude asymmetry is defined as
δa = ab−ar
ab +ar
, (2)
where ab and ar are the unsigned maximum value of the blue
and red lobe of Stokes V .
We computed these quantities over all the field of view
enclosed by the red square in Figure 1 and we only consid-
ered pixels that show maximum Stokes V amplitudes higher
than 1× 10−2 of Ic. The results of this study are included
in Figure 3. Top left panel shows that the area asymme-
try is negative in the inner parts of the pore, dark in the
continuum map, and with opposite polarity, positive, in the
surrounding regions. The reason behind these asymmetry
changes between the central part of the structure and its
edges could be a change in the line of sight component of
the magnetic field being less inclined, i.e. almost vertical,
in the core of the pore and more inclined in surrounding
areas. Another explanation could be a change in the line
of sight velocities that are usually small in the center of
the structure and show large downflows at its edges (for in-
stance, Morinaga et al. 2007; Sobotka et al. 2012). We will
delve into this aspect in following sections where we infer
the atmospheric information performing inversions of the
deconvolved Stokes profiles.
Contrary to the area asymmetries, amplitude asymme-
tries (right column) are always positive in the surroundings
of the structure and close to zero in the inner part of the so-
lar pore. In this case, some regions with negative amplitude
asymmetry can be found in the deconvolved map although
they are relatively scarce and with low amplitude. In that
sense, we can confirm, as in Quintero Noda et al. (2015),
MNRAS 000, 1–11 (2016)
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Figure 4. Stokes profiles from different regions in the observed map. Upper row shows a pixel from the central part of the pore, middle
row from its edge, and bottom row displays a pixel from the solar plage. Black depicts the deconvolved profiles while red shows the results
of the inversion. Symbols inside the panels of left column indicate their position in the observed map, see top-left panel of Figure 3.
that the deconvolution process barely modifies the Stokes V
profiles asymmetries.
3 INVERSION OF STOKES PROFILES
We obtain the physical information of the atmospheric
parameters inverting the deconvolved Stokes profiles from
the observed region enclosed by the red square of Fig-
ure 1. We carried out the inversion of the Stokes profiles
using sir (Stokes Inversion based on Response functions;
Ruiz Cobo & del Toro Iniesta 1992) code, which allows us
to infer the optical depth dependence of the atmospheric
parameters at each pixel independently.
3.1 Configuration
We are going to briefly summarize the configuration we
used in this paper because is similar to the one used by
Quintero Noda et al. (2015, 2016). As the deconvolution
process eliminates the stray light contribution of the spa-
tial PSF, we do not need to include a stray light component
in the inversion process. Consequently, we only used a single
component for reproducing the observed profiles. The selec-
tion of nodes for each quantity is done using an automatic
algorithm, based on the number of zeros of the response
function of the corresponding quantity (see Quintero Noda
et al. 2016b, under revision)
In our case, to avoid too complex solutions, we limited
the maximum number of nodes. We allowed five for tem-
perature T(τ) (where τ refers to the optical depth evalu-
ated at 5000 A˚), three for the line of sight (LOS) compo-
nent of the velocity vlos(τ), three for the magnetic intensity
B(τ), two for the inclination of the magnetic field γ(τ), one
for the azimuthal angle of the magnetic field φ(τ), and one
for the microturbulence. The algorithm determines the op-
timum number of nodes for each atmospheric parameter at
each iterative step, where this optimum number of nodes is
always lower or equal to the maximum number of nodes.
On the other hand, macroturbulence is null and not
inverted. At each iteration, the synthetic profiles are con-
volved with the spectral transmission profile of Hinode/SP
(Lites et al. 2013). Additionally, given that the inferred
physical parameters could be reliant on the initial atmo-
sphere, we minimize this effect by inverting each indi-
vidual pixel with 10 different initial atmospheric models.
These initial random atmospheric models were created as
in Quintero Noda et al. (2015). Therefore, since each node
corresponds to a free parameter during the inversion, our
model could include up to 15 free parameters in case the
MNRAS 000, 1–11 (2016)
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automatic algorithm selects the maximum number of nodes
allowed for the atmospheric parameters.
Finally, the inversion code provides the uncertain-
ties of the retrieved atmospheric parameters based on
the response function to a given physical quantity. In
that sense, if the response function is small, i.e. the
Stokes profiles are not sensitive to changes in a given
atmospheric parameter, the uncertainty of the solution
for this parameter will be large. In addition, although
the response functions depend on the atmospheric model
itself (Landi Degl’Innocenti & Landi Degl’Innocenti 1977),
the height of formation of these lines only cover a small
range of heights that usually goes from logτ = 0 to −2.5.
Therefore, we should restrict the analysis of the atmospheric
parameters inside these general limits.
3.2 Selected Stokes profiles
We aim to examine the accuracy of the inversion at some
spatial locations where the magnetic field configuration is
complex. We chose a pixel that belongs to the inner part
of the pore, a second one located at its edge, and a third
pixel that belongs to the plage region that appears at the
bottom part of the field of view (see Figure 2). Deconvolved
and fitted profiles are shown in Figure 4. If we start with
the central part of the pore, upper row, we find that the fits
are very accurate for Stokes I and V , and relatively good
for Stokes Q and U . This is a tendency that is present for
the rest of selected regions. We believe that this tendency
produces fairly good results because the Stokes V profiles,
well fitted for almost all cases, display signals between 5-10
times larger than Stokes Q and U signals. Additionally, it
is worth to mention the quality of the fitting for all Stokes
V profiles even when they show so dissimilar shapes, be-
ing with large widths and low amplitudes in the pore (up-
per row), with large area and amplitude asymmetries at its
edges (middle row), or with extremely large amplitudes and
moderate spectral redshifts as in the case of the solar plage
(bottom row). Finally, we found a relatively good fit for the
pixel belonging to the edge of the pore, middle panel, that
could be related to the complex atmospheric stratification
at the transition region between the pore and the surround-
ing granulation. To improve the accuracy of the fitting we
would need more free parameters on the LOS velocity and
magnetic field stratifications.
3.3 Retrieved asymmetries
The Stokes V profile asymmetries depend on velocity and
magnetic field gradients. Therefore, an accurate match of
these asymmetries serves as a criterion to check the reliabil-
ity of the retrieved stratification of line of sight velocity and
magnetic field. We plotted in Figure 5 the results for ampli-
tude and area asymmetries obtained through the inverted
profiles. If we compare these results with bottom panels of
Figure 3, we can see that they are very similar, indicating
that the accuracy of the fitting is high. However, there are
minor differences in the central part of the pore, where the
asymmetries are relatively smaller in the inverted profiles.
We detected some pixels that can show a diminishing in area
asymmetry from 13 per cent in the deconvolved profiles to
Figure 5. Stokes V area (top) and amplitude (bottom) asym-
metries. They were computed using the fitted profiles from the
inversion of the deconvolved data. The original asymmetries from
the deconvolved profiles are shown on row of Figure 3.
9.5 per cent in the inverted data. This reduction is smaller
in the amplitude asymmetry although still present. However,
we believe that these differences are sufficiently small to be
certain that both, line of sight velocity and magnetic field
gradients, are reliable.
3.4 Spatial properties
Figure 6 shows the spatial distribution of temperature, LOS
velocity, and LOS magnetic field at different heights. Focus-
ing first on the temperature, first row, we can see that its
spatial distribution at logτ = 0, leftmost panel, is similar to
the continuum map, see Figure 2, with hot granules, cool
narrow regions, i.e. intergranules, and larger cool regions
that conform the solar pore. If we move to upper layers,
at logτ =−1 (middle panel), the landscape changes and re-
sembles the line core information showed in middle column
of Figure 2. Plage regions are hotter than the surrounding
quiet Sun while the pore is cooler. However, it seems that
the height that is closer to the information displayed by the
line core is logτ =−2, rightmost panel, because we can only
see at this height a cool region at the left part of the pore
structure, while the rest of the region shows temperatures
similar to the quiet Sun, like the pattern found at line core
wavelengths.
MNRAS 000, 1–11 (2016)
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Figure 6. Spatial distribution of atmospheric parameters at different heights. From top to bottom row, temperature, LOS Velocity and,
LOS magnetic field. From left to right column, optical depths logτ = [0,−1,−2]. Red LOS velocity indicates downflows while blue depicts
upflows. White colors indicate a null velocity or a null longitudinal magnetic field.
Figure 7. Continuum signal centred in the pore region. Hori-
zontal lines indicate the location of the vertical cuts presented
in Figure 8. Vertical ticks tentatively delimit the end of the pore
substructures using the continuum map as reference.
Concerning the LOS velocity, the granulation pattern
is seen at logτ = 0 in quiet Sun regions while the inner part
of the pore shows almost null velocities, white areas. In ad-
dition, there is a presence of strong downflows, red colour,
at the periphery of the pore structure and at plage regions.
If we analyse upper layers, middle and right panels, we find
that LOS velocities slightly resemble the granulation pat-
tern in quiet Sun areas although with lower velocities. In
addition, the size of the structures is larger because they
have expanded with height. However, the presence of the
previously mentioned downflows detected at plage regions
and at the edges of the pore have disappeared, indicating
that these downward motions take place only at the bottom
of the photosphere. We computed the height where these
downflows velocities become null and we obtained a mean
optical depth value of logτ =−1.1±0.4.
Finally, regarding the longitudinal magnetic field, we
detected field strengths larger than 2 kG at the bottom of
the photosphere, left panel, that decrease with height being
in the range of 1−1.5 kG at the middle photosphere, middle
and right panels. Moreover, in this case, we can also detect
an expansion of the magnetic structures with height.
MNRAS 000, 1–11 (2016)
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Figure 8. Vertical cuts of different atmospheric parameters corresponding to the horizontal lines displayed in Figure 7. Each row contains,
from left to right, temperature, LOS velocity, and LOS magnetic field. We chose a different colour table than in Figure 6 for the latter
physical quantity because, in this case, there is no change of sign of the LOS magnetic field in the examined regions being always with
positive polarity or almost null. Vertical lines correspond to the location of the tick marks on Figure 7.
3.5 Vertical cuts
In order to study the optical depth stratification of the dif-
ferent physical quantities we selected three regions, see lines
in Figure 7, that cross the pore. They are located at dif-
ferent positions in the south-north direction and have the
same size in the east-west direction. We selected their lo-
cation trying to examine the spatial differences between the
substructures that compose the pore. The vertical stratifica-
tion of the atmospheric parameters in these three regions is
shown in Figure 8 (see different rows). In addition, we added
vertical lines in every panel that correspond to the vertical
ticks of Figure 7 in order to facilitate the visualization of
pore substructures. We selected the location of these lines,
or ticks in Figure 7, trying to delimited the end of the pore
substructures using the continuum intensity as reference.
Starting with the temperature, first column, we can see
strong fluctuations of its value at the base of photosphere,
i.e., around logτ = −1, being at lower optical depths where
the pore substructures are located (see the pixels in between
the vertical lines). This property is present in all the differ-
ent selected horizontal cuts (see different rows). The vertical
stratification is relatively different between the inner part of
the pore and the surrounding granulation, being hotter at
middle heights (around logτ =−1) for the pixels outside the
pore and cooler for the pixels belonging to the magnetic
structure.
In the case of the LOS velocity, we also found a clear
distinction between the pixels that belong to the pore struc-
ture and surrounding pixels. In the first case, we found null
(or very small) LOS velocity values while, in the second case,
we detected redshifted velocities around 3∼ 4 km/s at lower
heights that go to zero or to small (∼ 1 km/s) upflow veloc-
ities at middle layers (see the pixels near the vertical lines).
Regarding the line of sight magnetic field we found that
is always positive in the selected areas, indicating that it
does not change of polarity at the edges of the pore nor
outside the magnetic structure. The magnetic field strength
is large inside the structure with strengths around 2 kG that
decreases with height up to 1 ∼ 1.5 kG at middle heights.
Outside the magnetic structure, see vertical lines, the LOS
magnetic field becomes almost null generating a large spatial
contrast similar to the one observed in the continuum map
(see Figure 7).
Finally, we detected a large horizontal variation, even
inside the pore substructures, in the three examined quan-
tities. The reason could be that the pore substructures are
constituted by a complex bundle of magnetic tubes that we
are partially solving with the present spatial resolution, i.e.
around 200 km. If we take a closer look of Figure 7, we can
see that the continuum intensity strongly fluctuates in the
neighbouring granulation, but also in the pore substructures,
being much darker at their central part than at their edges,
located at just few pixels away.
3.6 Spatial relations between atmospheric
parameters
We take advantage of the inversion results to examine the
spatial relation between different atmospheric parameters,
i.e. temperature, LOS velocity, and magnetic field strength,
at different heights. In that sense, we aim to understand
which is the relation between temperature and LOS velocity,
MNRAS 000, 1–11 (2016)
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Figure 9. Scatter plots of three different atmospheric parameters; temperature, LOS velocity, and magnetic field strength. We show
the spatial relation between these quantities at three different heights, i.e. logτ = [0,−1,−2] (different columns). Different rows, from top
to bottom, display the relation between temperature and LOS velocity, temperature and magnetic field strength, and LOS velocity and
magnetic field strength.
temperature and magnetic field strength, and LOS velocity
and magnetic field strength. We studied these relations in
the pixels that belong to the solar pore as well as for its sur-
rounding pixels. We selected a small region of 12×12 arcsec
centred in the solar pore and displayed in Figure 9 scat-
ter plots between the mentioned atmospheric parameters at
three different heights, logτ = [0,−1,−2] (different columns
in the figure).
We can start with the relation between the temperature
and the LOS velocity (first row). At the bottom of the photo-
sphere, left panel, we detect hot blueshifted pixels (negative
velocities) that correspond to granules and slightly cooler
redshifted pixels (positive velocities) that belong to inter-
granular lanes and to the pixels at the edges of the pore.
We also see a set of pixels that covers a large range of tem-
peratures and shows very low, or null, LOS velocities. We
believe that the reason of this wide range of temperatures is
that we have relatively hot pixels that can correspond to the
interface between granules and intergranules and also very
cool pixels that belong to the inner part of the solar pore.
This large variation of temperature for similar velocities is
the reason why the distribution of points in the scatter plot
resembles the shape of the Greek character Y. The same
shape appears at higher heights but it is less clear as we
move to upper layers because the pixels located at the edges
of the pore now show almost null velocities. Lastly, we can
see at all heights that blueshifted pixels usually correspond
to hotter regions.
Middle row displays the relation between temperature
and magnetic field strength. In this case, we can see at mid-
dle heights, where we are more sensitive to the magnetic field
strength, a faint arcade shape indicating that the larger the
magnetic field strength the cooler the temperature of the
pixel (see also Sobotka et al. (2012)). In addition, we can
also detect at middle layers, i.e. logτ = −1, that the pixels
showing a large field strength (more than 1.5 kG) can reach
temperature values as low as 4500 K.
Finally, bottom row displays the relation between LOS
velocity and magnetic field strength. Left panel, i.e. logτ = 0,
reveals large positive velocities for intermediate magnetic
field strengths that correspond to the pixels located at the
edges of the pore. We can also detect very low (or null) ve-
locities for the pixels with largest magnetic field strengths.
These pixels are associated with the inner part of the mag-
netic structure. If we examine higher layers (middle and right
panels) we see no trace of large downflows while the pixels
harbouring a strong magnetic field strength still show almost
null LOS velocities.
MNRAS 000, 1–11 (2016)
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4 DISCUSSION AND CONCLUSIONS
We applied for the first time the spatial deconvolution tech-
nique on Hinode/SP observations of a solar pore. This region
represents a challenge to the deconvolution code because it
displays large continuum contrasts between the central part
of the structure, with low intensities, and its surroundings,
located at less than a few arcsec, that display the brighter
granulation pattern. Thus, we faced this work with two main
aims, the first was to test the capabilities of the spatial de-
convolution code and the second was to analyse the physical
properties of the magnetic structure. The first question re-
veals that the spatial deconvolution properly works without
introducing ringing effects in the pore or artefacts in the
Stokes profiles. In addition, the Stokes V asymmetries are
slightly modified by the process but only in their amplitude
because the asymmetry sign does not change in most of the
observed pixels. Moreover, we also found an improvement
in the continuum contrast and a diminishing of the size of
the magnetic structures in agreement with previous works
on this topic.
Regarding the second aim of our study, i.e. the analy-
sis of the physical properties of a solar pore, we performed
inversions of the Stokes profiles in a large fragment of the
original observed field of view. First, we checked that the
retrieved atmospheric models lead to synthetic Stokes pro-
files that accurately fit the observed ones. These synthetic
profiles even match the Stokes V amplitude and area asym-
metries (although, in some cases, asymmetries were slightly
lower in the inverted profiles), supporting the reliability of
the retrieved line of sight gradients of the atmospheric pa-
rameters.
Later, we proceeded to examine the spatial distribution
of the atmospheric parameters at different heights. We found
that the inner part of the pore is cooler than its quiet Sun
surroundings at all heights. At the same time, the neigh-
bouring plage is hotter than the quiet Sun at middle layers.
Then we examined the LOS velocity finding that is null in
the inner part of the magnetic structure and that shows
downward motions at its edges. These downward motions
are only detected at lower heights, below logτ ∼−1, indicat-
ing that they are low photospheric features. Regarding the
LOS magnetic field, we found strong field strengths, larger
than 2 kG in the central part of the pore, and with single po-
larity everywhere. In addition, the magnetic field strength
diminishes with height as the spatial size of the magnetic
structures increases as we examine upper layers.
We also studied the vertical stratification of several cuts
that cross the magnetic substructures of the pore. We found
a significant decrease of the temperature inside the pore
probably due to the inhibition of the overturning convection
produced by its large magnetic field strength. In addition,
the temperature between magnetic substructures was larger
than inside the magnetic ones at middle heights. This con-
trast between magnetic and non magnetic substructures was
also found in the LOS velocity. We detected null velocities at
all heights inside magnetic concentrations and downward ve-
locities outside them that can go to zero or turn to small up-
flow velocities at middle layers. Regarding the magnetic field
strength, it shows maximum values around 2 kG at the low
photosphere that decrease with height up to 1 ∼ 1.5 kG at
middle layers. The inferred LOS magnetic field is unipolar in
and outside magnetic substructures although its amplitude
is very low outside magnetic areas generating a high spatial
contrast between both regions. Finally, we examined spatial
relations between temperature, LOS velocity, and magnetic
field strength at different heights, corroborating all the prop-
erties described before for the pixels of the inner part of the
pore as well as for the surrounding ones.
We can conclude that the spatial deconvolution im-
proves the overall quality of the observations without in-
troducing any kind of artefacts and, at the same time, it
allows us to infer the atmospheric information without re-
lying on any type of stray light correction. In addition,
our findings are in agreement with previous works as the
ones presented by Morinaga et al. (2007), Scharmer et al.
(2011), or Sobotka et al. (2012). Moreover we also increase
our knowledge about pores and their surroundings describ-
ing the height stratification of their atmospheric parameters.
However, the examined structure does not show any kind of
bright features, as bright dots or light bridges, that would be
interesting to study after applying the spatial deconvolution
method. In that sense, we need to check different solar pore
regions to increase our knowledge about them. Additionally,
this particular pore limits our study to the photosphere be-
cause it is quiet at chromospheric layers so we could not
examine which type of photospheric activity can trigger an
active chromospheric response. Maybe it is due to its sim-
ple configuration but we plan to examine other solar pores
trying to understand if the lack of chromospheric activity is
a general property of solar pores or if it is just a particular
condition of the present case.
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